Background: Several studies have reported changes in electrocardiographic variables after atrial septal defect (ASD) closure. However no temporal electro-and vectorcardiographic changes have been described from acute to long-term follow-up at different ages. We aimed to study electrical remodeling after percutaneous ASD closure in pediatric and adult patients. Methods: ECGs of 69 children and 75 adults (median age 6 [IQR 4-11] years and 45 years, respectively) were retrospectively selected before percutaneous ASD closure and at acute (1-7 days), intermediate (4-14 weeks) and late (6-18 months) follow-up. Apart from electrocardiographic variables, spatial QRS-T angle and ventricular gradient (VG) were derived from mathematically-synthesized vectorcardiograms. Results: In both pediatric and adult patients, the heart rate decreased immediately post-closure, which persisted to late follow-up. The P-wave amplitude also decreased acutely post-closure, but remained unchanged at later follow-up. The PQ duration shortened immediately in children and at intermediate follow-up in adults. The QRS duration and QTc interval decreased at intermediate-term follow-up in both children and adults. In both groups the spatial QRS-T angle decreased at late follow-up. The VG magnitude increased at intermediate follow-up in children and at late follow-up in adults, after an initial decrease in children. Conclusion: In both pediatric and adult ASD patients, electrocardiographic changes mainly occurred directly after ASD closure except for shortening of QRS duration and QTc interval, which occurred at later follow-up. Adults also showed late changes in PQ duration. At 6-to-18 month post-closure, the spatial QRS-T angle decreased, reflecting increased electrocardiographic concordance. The initial acute decrease in VG in children, which was followed by a significant increase, may be the effect of action potential duration dynamics directly after percutaneous ASD closure.
Introduction
The ostium secundum atrial septal defect (ASD) is one of the most common congenital heart diseases and is defined as an interatrial septum defect at the site of the fossa ovalis, causing a left-to-right shunt [1] . A hemodynamically significant shunt causes volume overload of the right atrium (RA), right ventricle (RV) and the pulmonary circulation, and is, therefore, an indication for ASD closure, to prevent further right-sided deterioration such as volume and/or pressure overload and eventually heart failure [2] . Closing an ASD-based left-to-right shunt initiates both geometrical and electrical RA and RV remodeling [3, 4] , the extent of which may depend on several factors including the patients' age at closure and closure technique. Percutaneous ASD closure is currently the first choice of treatment in selected cases, due to the minimal invasiveness, and has proven to reduce morbidity and mortality similar to surgical closure [1] .
The electrocardiogram (ECG) is the standard tool to visualize cardiac electrical activity, and after ASD closure it can show potential complications like atrial arrhythmias [2] , as well as the electrical reverse remodeling at several post-procedural time points. The latter gives insight into the long-term process of reverse remodeling, in which a distinction is made between acute and late effects of ASD closure. The standard 12-lead ECG only allows for scalar, one-dimensional, visualization of the electrical currents in the heart. The vectorcardiogram (VCG), however, offers several advantages over the 12-lead ECG. Firstly, the lead vectors of the X-, Y-and Z-lead assume the directions of the main anatomical axes of the body. Furthermore, the sensitivities of these X-, Yand Z-lead are equal. Lastly, by displaying the instantaneous electrical heart activity (represented as the heart vector) in three-dimensional (3D) space, the phase-relationships between the X-, Y-and Z-leads become apparent [5] . Historically, the VCG was recorded directly with the Frank VCG system; currently, conversion of a 12-lead ECG to a VCG by mathematical transformation (using the inverse Dower or Kors matrix [6] ) is the standard. Two vectorcardiographic variables in particular have recently gained interest: the ventricular gradient (VG), which has been shown useful in the detection of RV pressure overload [7] , and the spatial QRS-T angle, which has shown prognostic value in the prediction of sudden cardiac death [8] .
Several studies have reported changes in ECG variables after ASD closure [3, [9] [10] [11] [12] , however no temporal ECG and VCG changes have been described from acute to long-term follow-up at different ages. Hence, the objective of this study was to assess acute, intermediate and late electrical remodeling in terms of ECG and VCG changes after ASD closure in both children and adults.
Materials and methods

Study design and population
In this multicenter retrospective cohort study, all patients with an ASD who were referred to the Center for Congenital Heart Disease Amsterdam Leiden (CAHAL) for percutaneous ASD closure in a period of 13 months (2016-2017) were screened. The study cohort comprised of pediatric (age 0-17 years) and adult patients (age ≥ 18 years) who had a 12-lead ECG in sinus rhythm maximally 14 weeks before successful ASD closure and at acute (1-7 days) or intermediate (4-14 weeks) follow-up after closure. Additionally, when available in these patients, ECGs that were made late (6-18 months) after closure were also assessed. All the included ECGs were made as part of routine clinical followup. Baseline patient characteristics, clinical history and medication were collected from medical records. The Medical Ethics Committee provided a statement of no objection for obtaining and publishing the anonymized data.
ASD closure
Percutaneous ASD closure was performed conform current guidelines, in which ASD closure is indicated in the presence of hemodynamically significant left-to-right shunting with pulmonary vascular resistance b5 Woods units (Class I, level B) [2] . Patients underwent general anesthesia and an Amplatzer Septal Occluder (Abbott Vascular Inc., Santa Clara, CA, USA) of appropriate size was implanted under transesophageal echocardiographic guidance.
ECG/VCG processing
All ECGs made in the Leiden University Medical Center, Leiden, The Netherlands, were recorded with ELI 250 and 350 electrocardiographs (Mortara Instrument, Milwaukee, USA) with a sampling rate of 1000 samples per second. The ECGs made in The Academic Medical Center Amsterdam, The Netherlands, were recorded with MAC5500 electrocardiographs (GE Healthcare, Milwaukee, USA) with sampling rates of 250 or 500 samples per second. All ECG and VCG measurements were performed with the Modular ECG Analysis System (MEANS) [13] , which has been evaluated extensively, both by its developers and by others [14, 15] . For each lead, MEANS performs baseline correction, removes main interference, and computes a representative averaged beat after excluding ectopic beats. MEANS determines global fiducial points in the averaged beats of all 12 leads together, resulting in an overall P-wave onset, P-wave offset, QRS complex onset and offset, and T-wave offset. The following ECG variables were assessed: heart rate, P-wave amplitude in lead II, P-wave duration, PQ duration, QRS duration and the QT interval, corrected with Bazett's formula (QTc).
The X-, Y-and Z leads of the VCGs were synthesized from the ECGs by the Kors transformation matrix [6] . For the directions of the X-, Y-and Z axes and the spatial vector orientation (azimuth, elevation), the American Heart Association VCG standard was followed [16] . From the VCG, the spatial QRS-T angle was computed as the spatial angle between the QRS-and T-integral vectors. Also, the azimuth, elevation and magnitude of the VG (vectorial sum of the QRS and the T integrals) were assessed, as well as its components in the X-, Y-and Z-direction (VG x , VG y and VG z ).
Statistical analysis
Statistical analysis was performed in SPSS v.23 (IBM, Armonk, NY, USA). Quantitative data are presented as median [25th-75th percentile] with minimum and maximum where relevant for continuous variables, and as frequencies (percentages) for categorical variables. Comparisons between ECG-and VCG parameters at different time points (i.e. acute, intermediate and late follow-up) included one ECG/VGG per time interval and were performed using the Wilcoxon signed-rank test. Correlations between ECG/VCG-parameters and patient characteristics were tested using the Spearman correlation. A P-value b 0.05 was considered statistically significant.
Results
In total, 168 patients were screened (75 children and 93 adults), of which 144 patients met the inclusion criteria (69 children and 75 adults). Baseline characteristics, stratified into pediatric and adult groups, are shown in Table 1 . Not all patients had an ECG at all four time points; absolute numbers are shown in Table 1 
ECG changes after ASD closure in children
ECG variables of the pediatric patients at different time intervals are shown in Table 2 . In children, heart rate significantly decreased acutely after ASD closure, which became most evident at late follow-up. The Pwave amplitude in lead II showed a significant decrease in the acute period after closure; however, later follow-up showed no significant changes compared to baseline. P-wave duration did not change at post-procedural follow-up. The PQ duration, however, showed a significant decrease from baseline to acute and intermediate follow-up. Compared to the baseline ECG, the QRS duration, as well as the QTc interval, were shorter at intermediate-term follow-up. 
ASD-related characteristic
Occluder size 14 [12] [13] [14] [15] [16] [17] [18] 22 [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Data are presented as median [25th-75th percentile] or frequency (%).
ECG changes after ASD closure in adults
ECG variables of the adult patients are shown in Table 2 at the different time intervals. In this age group, the heart rate also decreased significantly acutely after intervention. The P-wave amplitude in lead II showed an acute significant decrease, while late effects of ASD closure were not seen. P-wave duration did not change at post-procedural follow-up. However, the PQ duration shortened from baseline to intermediate and late follow-up. Compared to the baseline ECG, QRS duration and the QTc-interval shortened significantly at intermediate-term and late follow-up.
VCG changes after ASD closure in children
The VCG parameters of pediatric patients are shown in Table 2 for the different time points. The spatial QRS-T angle remained equal at acute and intermediate post-procedural follow-up, but showed a significant decrease at late follow-up. Compared to baseline, VG magnitude significantly decreased acutely after closure, however significantly increased at intermediate and late follow-up. VG azimuth showed a significant change at intermediate follow-up. VG elevation showed no significant changes at follow-up compared to baseline. Fig. 1 shows the spatial median VG changes and the changes projected in each of the three standard planes in the group of pediatric patients. The X-, Yand Z components of the VG in the pediatric group are shown in Table 2 . The VG x first showed an acute decrease compared to baseline, after which the VG x increased at intermediate and late follow-up. Similarly, the VG y also showed an acute decrease compared to baseline, followed by an increase at late follow-up. The VG z showed a significant increase at intermediate follow-up and late follow-up.
VCG changes after ASD closure in adults
The VCG parameters of the adult patients at different time intervals are shown in Table 2 . The spatial QRS-T angle remained equal at acute and intermediate post-procedural follow-up, but showed a significant decrease at late follow-up. Compared to baseline, VG magnitude significantly increased at late follow-up. VG azimuth showed a significant change at intermediate follow-up. VG elevation showed an acute decrease but no significant changes compared to baseline at intermediate and late follow-up. Fig. 2 shows the spatial median VG changes and the changes projected in each of the three standard planes in the adult patients. The X-, Y-and Z-coordinates of the VG in the adult group are also shown in Table 2 . The VG x showed an increase at intermediate and late follow-up compared to baseline. The VG y first showed an acute decrease compared to baseline, after which the VG y increased again at late follow-up. The VG z shows a significant increase at intermediate follow-up.
ECG/VCG parameters in patients with paroxysmal atrial fibrillation
Out of the total study cohort, 14 adults (19%) had paroxysmal atrial fibrillation with sinus rhythm at the time of ECG acquisition. Appendix Table 1 shows the ECG and VCG changes according to presence of paroxysmal atrial fibrillation. In patients with paroxysmal atrial fibrillation, P-wave amplitude decreased acutely, but there were no changes in P-wave duration and PQ duration during follow-up. Furthermore, QRS duration decreased at intermediate follow-up and late follow-up and QTc duration decreased at late follow-up. Regarding VCG changes, the spatial QRS-T angle decreased at intermediate follow-up in patients with paroxysmal atrial fibrillation. Lastly, in these patients, the VG magnitude increased at intermediate follow-up, but did not change at late follow-up.
Discussion
In the present study, the acute, intermediate and late electrical remodeling in terms of ECG and VCG changes after percutaneous ASD closure in children and adults was assessed. The main findings of the study are: 1) ASD closure was followed by a decrease in heart rate, P-wave amplitude, PQ duration, QRS duration and QTc interval in both children and adults. Except for the late QRS duration and QTc interval changes, most changes occurred directly after device closure. 2) The spatial QRS-T angle significantly decreased at late follow-up in both children and adults. 3) VG magnitude increased at intermediate follow-up in children and at late follow-up in adults, after an initial decrease in children; the VG direction change was most apparent in the less negative azimuth at intermediate follow-up in both groups; and VG elevation directly decreased in the adult group but did not change during follow-up in the pediatric group.
Mechanisms of ECG changes after percutaneous ASD closure
Right-sided volume overload due to atrial left-to-right shunting leads to both atrial and ventricular stretch which may cause changes in the 12-lead ECG [4, 17] due to mechano-electrical coupling. RA dilatation, for example, may result in increased P-wave amplitude as well as prolonged P-wave duration and increased P-wave dispersion due to delayed atrial conduction, which are all useful markers in the prediction of atrial arrhythmias [3, 12] . RV dilatation may result in QRS-duration prolongation, right bundle branch block and crochetage (a notch near the apex of the R-wave in the inferior limb leads [18] ). Recently, it has been shown that RV volume overload can cause QTc-interval prolongation in ASD patients [11] . Successful ASD-closure should correct the right-sided volume overload within 24 h, initiating geometric remodeling of the right atrium and ventricle, which continues up to 6-8 weeks following percutaneous ASD closure [4, 19] . Indeed, multiple studies reported electrical remodeling after percutaneous ASD closure [3, [9] [10] [11] [12] . The present study showed a direct decrease in heart rate after ASD closure in both children and adults, with a maintained decrease on the long term. We hypothesize that two mechanisms may have contributed to this heart rate decrease: deactivation of the Bainbridge reflex [20] and a decreased stretching of the pacemaking tissue in the sinus node [21] . Heart rate lowering via deactivation of the Bainbridge reflex after ASD can be expected on the basis of deactivation of the stretch receptors at the junction of the vena cava and the right atrium. This will lead to decreased afferent neural traffic via fibers in the vagus nerve that project on the medulla. As a consequence, the reflex-induced inhibition of parasympathetic outflow to the sinus node will be decreased, and the reflexinduced enhancement of sympathetic outflow to the sinus node will be reduced, thus causing a slowing of the heart rate. Furthermore, RA dimensions decrease. Since stretching of the sinus node tissue causes an increased intrinsic pacemaking rate, such decrease in RA size will have also contributed to the observed decrease in heart rate.
In addition, the present study showed an acute decrease in P-wave amplitude in both groups, which is in line with the findings of a previous study done by Grignani et al. [3] They observed an even further decrease in P-wave amplitude at their long-term follow-up of 45 ± 33 months post-closure, suggesting continuation of atrial remodeling over several years. In contrast to other studies [3, 10] , the present study did not show a decrease in P-wave duration. We did find significant PQduration decrease directly after intervention in the pediatric group, and at intermediate follow-up in the adult group. The largest change in PQ duration was seen at late follow-up in the adult group, suggesting that even late after ASD closure atrial remodeling takes place. The latter does not count for patients with paroxysmal atrial fibrillation, in whom PQ duration did not change during follow-up (see Appendix Table 1) .
Similar to previous studies [3, 10, 11] , our results support the finding that ventricular electrical remodeling as reflected by QRS duration on the 12-lead ECG does not take place on the short-term after ASD closure, despite clear RV geometrical remodeling within one-month post-closure reported by Veldtman et al. [19] Our results showed that QRS duration decreased at intermediate follow-up in both groups. While the presented slight change is clinically irrelevant, it may reflect ventricular electrical remodeling later after ASD closure. A recent study by Rucklova et al. [11] suggested that RV volume overload in ASDs is associated with prolonged repolarization. In their study it was shown that QTc-interval was significantly shorter at 6 months after ASD closure. In the present study we observed that the QTc-interval numerically shortens from the fourth week post-closure onwards, both in adults and children. 
Mechanisms of VCG changes after percutaneous ASD closure
In the current study, we have approached the dynamics in the VCG by measuring two general vectorcardiographic properties, the VG and the spatial QRS-T angle. The VG reflects the integrated action potential duration (APD) inhomogeneity in the heart [5, 22] . As such it is subject to cancellation and the magnitude and direction of the VG in a person expresses asymmetric inhomogeneity. Between individuals with normal hearts, the magnitude and direction of the VG varies considerably [23] . For this reason, individual trends in the VG are more informative than the overall VG value. In general, we may expect that any form of electrical remodeling in the heart is reflected in a change in the VG.
In an earlier study, the relation between the VG and RV pressure overload in patients with suspected pulmonary hypertension was shown [7] . VG changes were explained by different APD dynamics between subendocardial and epicardial myocytes as a result of RV pressure overload [24, 25] . The hearts of ASD patients are characterized by RV volume overload rather than RV pressure overload. The RV volume overload in ASD patients results in APD prolongation in the RV epicardium [26] . Because successful ASD closure eliminates the volume overload [19] , we expect normalization of the APD prolongation and therefore a change in the VG. In the current study, median VG magnitude was 63 [48-76] mV*ms in children before ASD closure, which is similar to the mean normal VG at 6.5 years of 69 mV*ms (2nd and 98th percentile: 24, 128) [27] . In adults, the VG magnitude before ASD closure was 66 , which is in the normal range for adults [23] . In children the VG magnitude showed an acute decrease, after which it increased again at intermediate follow-up. In adults the VG magnitude increased at late follow-up. A change in VG direction was most apparent in the azimuth becoming less negative at intermediate follow-up in both groups, while elevation decreased directly post-closure in the pediatric group but did not change during follow-up in the adult group. In our previous study on RV pressure overload [7] , a preferential direction of the VG was found in which the VG changed with increasing pulmonary artery pressure. In the current study, however, we were not able to find a preferential direction in which the VG changed with decreasing RV volume overload due to successful ASD closure. The spatial QRS-T angle is the angle between the QRS axis and the T axis [5] . As such it can be considered a measure of concordance/discordance of the ECG: a small QRS-T angle represents a concordant ECG in which the QRS-complex and T-wave polarities assume the same values in most ECG-leads, whereas a large, obtuse, QRS-T angle represents a discordant ECG in which the QRS-complex and T-wave polarities assume opposite values in most ECG-leads. Generally, we may expect that changes in the QRS-complex or T-wave morphology always imply a change in the QRS and T axes, and, consequently, a change in the QRS-T angle. In many cases, an increase in the QRS-T angle is expected to represent a worsening condition. A larger spatial QRS-T angle has been linked to sudden cardiac death after acute coronary syndromes [28] and overall mortality in a general population [8] . Our study group included children of different ages with a median of 6 [4] [5] [6] [7] [8] [9] [10] [11] years. Before closure of the ASD, median QRS-T angle was 52 [30-84]°in the children, which is larger than the mean normal QRS-T angle in children of 6.5 years of 20°but still within the normal range (2th and 98th percentile: 2, 85°) [27] . In the adult group the QRS-T angle was 42°, which is in the normal range for adults [23] . In both groups, the spatial QRS-T angle significantly decreased at late follow-up. This most likely reflects ventricular electrical remodeling occurring relatively late after ASD closure. Thus far, there are no data to suggest that a decrease in QRS-T angle also implies a lower risk of sudden death, arrhythmia or mortality in ASD patients.
Limitations
This study had several limitations. Not all patients had an ECG at all four time points and the study group consisted of a relatively small number of patients; hence, further studies with larger and more homogeneous patient groups and more complete ECG data are needed to confirm our findings. Also, this study only targeted ECG and VCG measurements and did not focus on accompanying hemodynamic and morphological data to correlate electrical and structural reverse remodeling. Finally, the ECG data in the current study consists of a mix of ECGs with sampling rates of 250, 500 and 1000 samples per second. However, because the studied QRS-T angle and the VG are computed from ECG integrals, it is unlikely that differences in sampling rate have consequences for the VCG findings in this study.
Conclusions
Successful percutaneous atrial septal defect closure was followed by a decrease in heart rate, P-wave amplitude, PQ duration, QRS duration and QTc interval in both children and adults. Changes mostly occurred directly after ASD closure except for QRS duration and QTc interval changes, which occurred later. Most of these electrocardiographic changes remained limited. The changes in the vectorcardiographic spatial QRS-T angle reflect increasing concordance of the electrocardiogram, which can be interpreted as partly normalization of the electrical properties of the heart. The ventricular gradient showed changes which can be seen as a result of action potential duration dynamics after atrial septal defect closure. 
VCG results
